Centrifugation in sucrose density gradients of partially purified extracts from six species of fungi, i.e., Rhizopus stolonifer, Phycomyces nitens, Absidia glauca (Phycomycetes), Aspergillus nidulans (Ascomycetes), Coprinus lagopus, and Ustilago maydis (Basidiomycetes), indicate that the five enzymes catalyzing steps two to six in the prechorismic acid part of the polyaromatic synthetic pathway sediment together. The sedimentation coefficients for these enzymes are very similar in the six species and are comparable to those previously observed for the multienzyme complexes (arom aggregates) of Neurospora crassa and Saccharomyces cerevisiae. These results are interpreted as indicating the presence in each of these fungi of arom aggregates, presumably encoded by arom gene clusters similar to those in N. crassa and S. cerevisiae. Evidence has also been obtained for the presence in two species (A. nidulans and U. maydis) and the absence in the other four species of a second dehydroquinase isozyme which is distinguishable from the synthetic activity on the basis of both thermostability tests and S values. This second dehydroquinase, which is apparently involved in the catabolism of quinic acid via a pathway similar to that in N. crassa, is inducible in A. nidulans (as it is in N. crassa), but constitutive in U. maydis. These comparative findings are discussed in relation to the organization, evolution, and possible functional relationships of synthetic and catabolic aromatic pathways in fungi.
maydis (Basidiomycetes), indicate that the five enzymes catalyzing steps two to six in the prechorismic acid part of the polyaromatic synthetic pathway sediment together. The sedimentation coefficients for these enzymes are very similar in the six species and are comparable to those previously observed for the multienzyme complexes (arom aggregates) of Neurospora crassa and Saccharomyces cerevisiae. These results are interpreted as indicating the presence in each of these fungi of arom aggregates, presumably encoded by arom gene clusters similar to those in N. crassa and S. cerevisiae. Evidence has also been obtained for the presence in two species (A. nidulans and U. maydis) and the absence in the other four species of a second dehydroquinase isozyme which is distinguishable from the synthetic activity on the basis of both thermostability tests and S values. This second dehydroquinase, which is apparently involved in the catabolism of quinic acid via a pathway similar to that in N. crassa, is inducible in A. nidulans (as it is in N. crassa), but constitutive in U. maydis. These comparative findings are discussed in relation to the organization, evolution, and possible functional relationships of synthetic and catabolic aromatic pathways in fungi.
The presence of an enzyme aggregate catalyzing steps two to six in the aromatic synthetic pathway prior to chorismic acid was demonstrated in Neurospora crassa. Genetic studies indicate that this multienzyme complex is encoded in a cluster of five structural genes, designated the arom gene cluster (6) . Comparable studies with Saccharomyces cerevisiae have shown that this yeast also has an arom gene cluster which encodes an arom aggregate containifng the same five enzymic activities as in N. crassa (A. de Leeuw, unpublished data). These observations led us to undertake a comparative survey of other fungi to determine whether similar arom enzyme aggregates occur in these organisms. In addition, evidence has been sought for the presence in other fungi of a second aromatic pathway comparable to the inducible quinic acid catabolic pathway in N. crassa (7) .
In the present studies, sucrose density gradient centrifugation of partially purified extracts was employed to determine the sedimentation coefficients of the five aromatic synthetic enzymes.
Six representative species of Basidiomycetes, Ascomycetes, and Phycomycetes were examined. The evidence indicates that all these species possess enzyme aggregates which appear to be basically similar to the arom aggregate in N. crassa. These observations, together with those on the characteristics of the aromatic catabolic pathway in the same fungi, have certain interesting phylogenetic and physiological implications, which are discussed briefly.
The results of similar comparative studies on extracts from a variety of bacterial species, reported in the accompanying paper (2) , indicate that, in marked contrast to the situation in fungi, there is no aggregation of the same aromatic synthetic enzymes in bacteria.
MATERIALS AND METHODS Growth and extraction. The organisms used and the growth conditions employed are given in Table 1 . In general, cultures were grown for 2 to 3 days in 500 ml of medium in 2-liter Erylenmeyer flasks on a rotary shaker. In certain cases, material was grown in a (14) . The reaction mixture contained nicotinamide adenine dinucleotide (0.2 ,mole), quinic acid (2 ,umoles), potassium carbonate-bicarbonate buffer, pH 9.4 (20 ;smoles), and KCN (0.1 Amole) in a final volume of 0.6 ml. DHS dehydrase was measured by following the decrease in optical density (of DHS) at 240 nm (9) . For this purpose, DHS was prepared by converting 5-dehydroquinic acid to DHS, utilizing a 0 to 35% ammonium sulfate fraction from N. crassa grown on minimal medium supplemented with quinic acid. This fraction was heated (70 C, for 10 min) before use to inactivate most enzymes except inducible dehydroquinase, which is heat stable (7). The crude DHS thus prepared was used without further purification.
Sucrose density gradients. Linear gradients of 5 to 20% sucrose in 0.1 M Tris buffer (pH 7.4) with l0-4 M DTT were prepared by the method of Martin and Ames (13) . Usually material from a 0 to 50% ammonium sulfate fraction was added to the gradient; otherwise, that fraction was used which contained the highest percentage of activity for the enzymes under study. As internal standards, horseradish peroxidase or occasionally bovine catalase (both from Worthington Biochemical) were used. In some cases, endogeneous malate dehydrogenases were used as standards, and their sedimentation coefficients were determined in separate experiments against horseradish peroxidase. Centrifugation was routinely performed with an SW41 rotor in a Beckman model L2-65 preparative centrifuge.
Dehydroquinase thermostability tests. In experiments to detect the possible presence of heat-stable catabolic dehydroquinase activity, extracts of material grown in the presence or absence of quinic acid were assayed before and after incubation at 48 C (or above) for 10 min (or more; reference 7). When the results indicated the presence of a thermostable activity, similar thermostability tests were performed on appropriate fractions after sucrose density gradient centrifugation.
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RESULTS
The results of assays for the five aromatic synthetic enzymes in the four ammonium sulfate fractions tested are given in Table 2 . In most of the species examined, the highest levels of all five activities were found in the same fraction, usually in either the 30 to 40 or 40 to 50% fractions. Al- (Table 3) . Typical gradients for three of the species examined are shown in Fig. 1-3 In the present paper, the results of studies on a restricted range of Phycomycetes (three species in the Mucorales) have been reported. Preliminary results have, in fact, also been obtained with certain of the water molds, but considerable difficulties have been encountered in recovering satisfactory activities for all five enzymes. Presently available data suggest that, whereas arom aggregates occur in at least two different major groups of water molds (the oomycetes and the Blastocladiales), these aggregates appear to dissociate much more readily into enzymatically active smaller components than do the arom aggregates in "higher fungi." Additional studies will be required to determine whether the water molds can be separated into two distinct categories based on the organization of their arom aggregates, as has been clearly demonstrated in studies of lysine biosynthesis (20) . Additional biochemical evidence for a polyphyletic origin of the phycomycetes was obtained in studies on the organization of the tryptophan pathway in various fungi (11) .
The organization of the common aromatic synthetic pathway in bacteria is strikingly different from that found in fungi (2) . In a wide variety of bacterial extracts examined, none of the same five aromatic enzymes are physically associated, nor are the arom genes clustered in those species for which genetic evidence exists. The implications of these comparative findings for an understanding of the origin and evolution of arom gene clusters were discussed in connection with the bacterial studies (2).
Significant evidence was also obtained in the present studies concerning the catabolism of quinic acid in the six species of fungi examined. In N. crassa the catabolism of quinic acid occurs via a pathway which includes one reaction in common with the aromatic synthetic pathway, i.e., the conversion of 5-dehydroquinic acid (DHQ) to DHS. This reaction is catalyzed by an inducible dehydroquinase isozyme which can be distinguished from the synthetic enzyme both genetically and biochemically (7; Rines, Case, and Giles, unpublished data; and Rines, unpublished data). The hypothesis has been proposed (7) that at least one function of the arom aggregate in N. crassa is to channel intermediates in the synthetic pathway, especially DHQ, thus segregating this pathway from the inducible catabolic pathway (Fig. 4) . The simplest prediction of this hypothesis would appear to be that organisms possessing a quinic acid catabolic pathway comparable to that in N. crassa should also have an arom aggregate, whereas those lacking such a pathway presumably would not. The present studies and those with bacteria appear to support this hypothesis. In bacterial species (none of which have arom aggregates), no evidence has been obtained for the occurrence of a second inducible (or constitutive) dehydroquinase isozyme distinct from the synthetic dehydroquinase and characteristic of a quinic acid catabolic pathway (2) . In fungi evidence was obtained for the presence of a thermostable dehydroquinase isozyme corresponding to the catabolic dehydroquinase of N. crassa in two of six species examined -A. nidulans and U. maydis-both of which possess arom aggregates. Furthermore, both quinate dehydrogenase and DHS dehydrase were demonstrated in U. maydis, and the former activity was also detected in A. nidulans. (No DHS dehydrase assays were performed in A. nidulans.)
In the other four species of fungi no evidence was obtained for a thermostable dehydroquinase in material grown in the presence of quinic acid. The possibility has been considered that ther- (thermostable) dehydroquinase, but possess high levels of this activity when grown in the presence of quinic acid. Indirect evidence indicates that very small amounts of endogenous DHQ (the apparent true inducer, which is formed by wildtype strains grown on quinic acid) result in substantial levels of the inducible activity (7) . By contrast, the addition of quinic acid has little or no effect on the level of thermostable dehydroquinase present in U. maydis grown on yeast extract-peptone-dextrose (YEPD); furthermore, U. maydis grown on a completely synthetic minimal medium without quinic acid has a substantial level of thermostable dehydroquinase which sediments at a rate (7.85) distinct from that (10.6) of the thermolabile dehydroquinase associated with the arom synthetic aggregate (as is also found for material grown on YEPD without added quinic acid, Fig. 3 ). Thus present evidence indicates that both the synthetic and catabolic dehydroquinases are constitutive in U. maydis. The presence of a constitutive rather than an inducible catabolic dehydroquinase in U. maydis may be related to the fact that this fungus is a plant parasite, whereas N. crassa and A. nidulans are saprophytes. Quinic acid is widely distributed in plants, in the free state and particularly as a constituent of chlorogenic acid (3, 17) . Presumably, selection for constitutivity might well occur in the case of an enzyme involved in the metabolism of a substrate normally always available to a plant parasite. Comparative studies of additional fungal parasites of higher plants should indicate whether constitutivity for the quinic acid catabolic pathway is correlated with the occurrence of parasitism.
